Elevated alanine aminotransferase (ALT) activity, an important marker of liver injury, has been associated inconsistently with higher mortality. We evaluated whether persons with nonelevated ALT levels are the most appropriate comparison group by examining the relationships of low ALT with mortality and body composition in the US National Health and Nutrition Examination Survey (NHANES). In NHANES 1988-1994, the mortality risk of persons in ALT deciles 1, 2, 3, and 10 was compared with that of persons in deciles 4-9 (mortality was relatively flat across these deciles) over an 18-year period (through 2006) among 14,950 viral-hepatitis-negative adults. In NHANES 1999-2006, low ALT was evaluated in association with dual-energy x-ray absorptiometry body composition measures among 15,028 adults. Multivariate-adjusted mortality was higher for decile 1 (hazard ratio (HR) = 1.42, 95% confidence interval (CI): 1.24, 1.63), decile 2 (HR = 1.27, 95% CI: 1.06, 1.53), and decile 3 (HR = 1.25, 95% CI: 1.04, 1.50) and nonsignificantly higher for decile 10 (HR = 1.21, 95% CI: 0.91, 1.61) than for deciles 4-9. Adjusted appendicular lean mass was decreased among the lowest ALT deciles. In the US population, low ALT was associated with higher mortality risk, possibly attributable to decreased appendicular lean mass. For mortality studies of elevated ALT levels, the most appropriate comparison group is persons in the middle range of ALT rather than all persons with nonelevated ALT.
Elevated serum alanine aminotransferase (ALT) activity is an important diagnostic and prognostic marker of liver disease. However, elevated ALT activity has been associated inconsistently with higher all-cause mortality when compared with normal ALT (1) (2) (3) (4) (5) (6) . For example, in one study of the US population, elevated ALT was associated with liver disease mortality but not with mortality from all causes, cardiovascular disease, or cancer (6) . We evaluated whether persons with nonelevated ALT levels are the most appropriate comparison group by examining the relationship of the lower range of ALT with mortality in a large national population-based prospective study. Additionally, we examined the association of ALT activity with body composition to explore whether low ALT was associated with reduced lean body mass.
MATERIALS AND METHODS

Participants and variables
The Third National Health and Nutrition Examination Survey (NHANES III) was conducted in the United States from 1988 through 1994 by the National Center for Health Statistics of the Centers for Disease Control and Prevention (7) . The survey consisted of cross-sectional interview, examination, and laboratory data collected from a complex multistage, stratified, clustered probability sample representative of the civilian, noninstitutionalized population, with oversampling of persons aged 60 years or older, non-Hispanic blacks, and Mexican Americans. The survey was approved by the institutional review board of the Centers for Disease Control and Prevention, and all participants provided written informed consent to participate. The NHANES III public-use linked mortality file was employed for this analysis.
Of 23,258 sampled persons aged 20 years or older, 16 ,573 (71%) underwent an examination at a mobile examination center. Of these participants, 14,950 were included in the primary analyses after these exclusions: positive for serum hepatitis B surface antigen or hepatitis C antibody (n = 453), missing data on hepatitis B or hepatitis C serology or serum ALT activity (n = 1,159), or unknown vital status (n = 11). A repeat examination on a different day was performed on approximately 5% of the original sample. Repeat ALT activities were in the same range for 72% of participants who had initial values in deciles 1-3 and for 88% of participants who had initial values in deciles 4-10.
Serum samples were shipped weekly at −20°C to laboratories for testing of ALT, aspartate aminotransferase (AST), and γ-glutamyltransferase (GGT) (8) . Data on factors known or thought to be related to liver enzyme activity or mortality were collected at baseline. In general, continuous covariates were treated as such to decrease the possibility of residual confounding in regression analyses. However, continuous variables whose distributions were skewed to the right were recoded into deciles and treated as ordinal variables. Nonbinary categorical covariates were coded as indicator variables with the category listed first below serving as the reference group. Because the analytical objective was to examine the relationship of low ALT with mortality after adjustment for possible confounders rather than to generate the most parsimonious model, factors that were previously found to be associated with liver enzyme activity or mortality in the NHANES population were included in all multivariate analyses: age (years), sex, ethnicity (non-Hispanic white, non-Hispanic black, Mexican-American,orother),education(<12,12,or>12years), cigarette smoking (never smoker, former smoker, <1 pack/day, or ≥1 pack/day), alcohol consumption (never drinker, former drinker, <1 drink/day, 1-2 drinks/day, or >2 drinks/day), physician-diagnosed diabetes, physical activity (metabolic equivalents/month; deciles), caffeinated beverage consumption (mg/day; deciles), body mass index (weight (kg)/height (m) 2 ), waist:hip circumference ratio, systolic and diastolic blood pressure (mm Hg), estimated glomerular filtration rate (≥60 mL/ minute/1.73 m 2 or <60 mL/minute/1.73 m 2 ), and serum transferrin saturation (%), hemoglobin A 1c concentration (<6.5% or ≥6.5%) (9), total and high-density lipoprotein cholesterol level (mg/dL), and C-reactive protein level (≤0.3 mg/dL or >0.3 mg/dL) (6, 8, (10) (11) (12) (13) (14) (15) (16) (17) . Participants aged 60 years or over were evaluated with regard to lower-extremity function using a tandem stand, an 8-foot walk, and a repeated chair stand (18, 19) . A summary score for these timed tests ranged from 0 (slowest) to 12 (fastest), and scores were dichotomized as ≤8 and >8 (20, 21) .
Participants were passively followed for mortality through December 31, 2006 , by linking NHANES III participants with National Death Index records through a probabilistic match, a well-established matching method (22) . In a validation study of a prior NHANES cohort, the accuracy of the method was high, with 96.1% of decedents and 99.4% of living participants being classified correctly (23) . Mortality outcomes were based on death-certificate underlying cause of death coded according to the International Classification of Diseases, Ninth Revision (ICD-9), for deaths occurring between 1988 and 1998 and the International Classification of Diseases, Tenth Revision (ICD-10), for deaths occurring between 1999 and 2006. Deaths occurring prior to 1999 and coded under the ICD-9 were recoded by the National Center for Health Statistics into comparable ICD-10-based underlyingcause-of-death groups. Outcomes for this analysis consisted of all-cause mortality and cause-specific mortality from cardiovascular disease (ICD-10 codes I20-I25, I50, I60-I69, and I70), neoplasms (ICD-10 codes C00-D48), diabetes mellitus (ICD-10 codes E10-E14), and liver disease (ICD-10 codes B15-B19, K70, and K73-K74).
Statistical analysis
ALT activity was coded using sex-specific cutpoints (Figure 1 ) because of higher levels in men compared with women, and all-cause mortality was examined initially according to ALT deciles in age-adjusted proportional hazards analysis ( Figure 1 ). Because of relatively flat mortality across deciles 4-9, those deciles were combined and served as the comparison group. Baseline characteristics of participants according to ALT deciles were examined by comparing mean values (and standard deviations) of continuous variables using a t test and percentages of categorical variables using a χ 2 test. Cumulative mortality during follow-up was calculated among ALT deciles using Kaplan-Meier analysis. Estimated hazard ratios and 95% confidence intervals for mortality outcomes were calculated using Cox proportional hazards regression analysis (PROC SUR-VIVAL in SUDAAN, release 10.0; RTI International, Research Triangle Park, North Carolina). Mortality hazard ratios were computed for ALT deciles 1, 2, 3, and 10 relative to deciles 4-9 by categorizing ALT deciles as indicator variables. These relationships were further evaluated using restricted quadratic spline regression (R, release 2.13.0; R Foundation for Statistical Computing, Vienna, Austria). Knots were placed at the 30th (10 IU/L) and 90th (28 IU/L) percentiles for men and women combined, with an ALT of 27 IU/L, the lowest point on the multivariate-adjusted curve, used as the reference group. The consistency of the relationship of low ALT with mortality was evaluated across sex, age, and race/ethnicity strata, and interaction between ALT deciles and demographic subgroups was tested by adding interaction terms individually to regression models. Analyses for sex used common ALT cutpoints for men and women (7, 9, 10 , and 28 IU/L). The proportional hazards assumption was met for all Cox regression analyses (24) . Multivariate analyses excluded persons with missing values for any factor included in the model. P values were 2-sided, and P < 0.05 was considered to indicate statistical significance. All analyses used sample weights that accounted for unequal selection probabilities and nonresponse. Variance calculations accounted for the design effects of the survey using Taylor series linearization (25) .
Analysis of low ALT activity and body composition
ALT activity has been shown to be related to body mass components measured by dual-energy x-ray absorptiometry (DXA) (26) , but direct measurements of body composition were not available in NHANES III. However, DXA body composition measurements were performed in NHANES 1999-2006 (26) (27) (28) (29) (30) . We conducted an analysis of 15,028 adult NHANES 1999-2006 participants without viral hepatitis. ALT was categorized as deciles 1, 2, 3, 4-9, and 10, with decile cutpoints of 16, 18, 20, and 46 IU/L for men and 12, 14, 15, and 31 IU/L for women. Cutpoints were not comparable between NHANES III and NHANES 1999-2006 because of differences in specimen processing. Upper-and lowerextremity lean mass were summed and divided by height squared to generate appendicular lean mass index (19, 31, 32) . Appendicular lean mass index values were compared by ALT decile using linear regression analysis (PROC REGRESS in SUDAAN, release 10.0; RTI International) to calculate adjusted (least squares) mean estimates. Multivariate analyses adjusted for age (years), ethnicity (non-Hispanic white, nonHispanic black, Mexican-American, or other), glucose status (abnormal if physician-diagnosed diabetes or hemoglobin A 1c concentration ≥6.5%), serum total cholesterol level (mg/dL), cigarette smoking (never smoker, former smoker, <1 pack/ day, or ≥1 pack/day), and alcohol consumption (0, <1, 1-2, or >2 drinks/day). Additional multivariate models were generated that also adjusted for total fat mass (kg).
RESULTS
Of the 14,950 participants who formed the NHANES III cohort, 4,784 were in the lowest 3 ALT deciles, 8,591 were in deciles 4-9, and 1,575 were in decile 10. Compared with participants with ALT levels in deciles 4-9, those with ALT levels in the lowest 3 deciles at baseline were more likely to be of non-Hispanic black ethnicity and less likely to be MexicanAmerican; were heavier smokers; had a lower body mass index, waist:hip circumference ratio, total cholesterol level, and diastolic blood pressure; and had a decreased estimated glomerular filtration rate (Table 1) . They were also less physically active and more likely to have an elevated C-reactive protein level. In addition, persons in decile 1 were older and less educated and had a lower transferrin saturation and higher caffeine intake and, among those aged 60 years or over, had poorer lower-extremity function than persons in deciles 4-9. Participants in deciles 2 and 3 had a lower prevalence of diabetes, and those in deciles 1 and 3 had higher levels of high-density lipoprotein cholesterol.
Low ALT level and mortality
The median duration of follow-up was 14.5 years (range, 0-18.1 years), and cumulative mortality from all causes was 21.2% (3,674 deaths) at 18 years of follow-up. The causespecific cumulative mortality (underlying cause) was 8.0% (1,364 deaths) from cardiovascular disease, 5.7% (818 deaths) from cancer, 0.62% (116 deaths) from diabetes mellitus, 0.20% (37 deaths) from liver disease, and 8.4% (1,339 deaths) from all other causes.
Unadjusted cumulative mortality rates tended to decrease with increasing ALT activity for all outcomes except diabetes and liver disease ( Table 2) . After age adjustment, allcause mortality was increased among participants with ALT levels in deciles 1, 2, 3, and 10, as compared with deciles 4-9 (P < 0.05). With adjustment for multiple factors, mortality remained statistically significantly increased for deciles 1, 2, and 3 ( Figure 2 ). Participants in the lowest decile had more than 40% higher mortality from all causes in comparison with deciles 4-9. Among persons aged 60 years or older, adding physical function summary score to the multivariate-adjusted model had little effect on the association of higher mortality with low ALT (data not shown). When all-cause mortality was modeled with continuous ALT as a restricted quadratic spline, the relationship was seen to be nonlinear: higher mortality for the lowest and highest ALT values as compared with the middle of the range ( Figure 3 ). As can be seen from the superimposed histogram (right-hand vertical axis), the ALT distribution at both tails was small: 2% with ALT ≤5 IU/L and 6% with ALT >35 IU/L.
We conducted analyses stratified by demographic characteristics. In multivariate-adjusted analyses using common ALT cutpoints for men and women, there was a positive association of higher mortality with low ALTamong both men and women, though the relationship was stronger among men (Table 3) (P for interaction = 0.24). Higher mortality with low ALT was found among middle-aged and older adults but not among young adults(Pfor interaction = 0.065)and amongnon-Hispanic whites and Mexican Americans but not among non-Hispanic blacks (P for interaction < 0.001).
For cardiovascular disease mortality, the hazard ratio for persons in ALT deciles 1 and 2 was increased in age-adjusted analysis and remained increased in multivariate-adjusted analysis for decile 1 (Table 2, Figure 2) . Similarly, for cancer mortality, the hazard ratio for persons in ALT deciles 1, 2, and 3 was increased in age-adjusted analysis and remained increased for deciles 1 and 2 in multivariate-adjusted analysis. In contrast, diabetes mortality was not statistically significantly or consistently increased among persons in the lower ALT deciles in age-adjusted analysis. For liver disease, mortality was increased among persons in the highest ALT decile, while the numbers of deaths in the lower ALT deciles were very small. Results from multivariate-adjusted analyses of diabetes and liver disease mortality are not presented because of the small numbers of deaths. When mortality from all other causes was examined, hazard ratios for persons in ALT deciles 1, 2, 3, and 10 were increased in age-adjusted analysis and remained increased for deciles 1 and 10 in multivariate-adjusted analysis. We conducted 2 sensitivity analyses to evaluate the robustness of our findings. Little effect on the results was seen after excluding deaths that occurred during the first 3 years of follow-up (n = 616) (see Web Table 1 , available at http://aje. oxfordjournals.org/). We also reran the analysis including participants who were positive for viral hepatitis B or C or were missing data on hepatitis B or C. The results were similar, with the exception of a stronger age-adjusted association of all-cause mortality with the highest ALT decile, which remained statistically significant after multivariate adjustment. This was at least partially explained by substantially increased liver disease mortality among participants in ALT decile 10 (Web Table 2 ).
We also examined the relationships of low AST and GGT activities with mortality. Participants with an AST level in decile 1, 2, or 3 had higher all-cause mortality in age-adjusted analysis, and this relationship remained statistically significant with multivariate adjustment for decile 1. Higher cancer mortality was found among persons in AST deciles 1 and 2 in age-adjusted and multivariate-adjusted analyses. There was no relationship of low AST with mortality from cardiovascular disease, diabetes, or othercauses, while high AST increased the risk of liver disease mortality (Web Table 3 ). In contrast, low GGT was unrelated to both all-cause mortality and cause-specific mortality (data not shown).
Low ALT level and body composition
To examine the relationship of low ALT activity with lean body mass using data from NHANES 1999-2006, we first compared appendicular lean masses by ALT decile. Mean appendicular lean mass index (kg/m 2 ) for deciles 1, 2, 3, 4-9, and 10, respectively, was 7.9 (standard deviation (SD), 1.2), 8.2 (SD, 1.2), 8.2 (SD, 1.2), 8.8 (SD, 1.3), and 9.2 (SD, 1.4) for men and 6.4 (SD, 1.2), 6.6 (SD, 1.3), 6.5 (SD, 1.2), 6.8 (SD, 1.4), and 7.1 (SD, 1.4) for women. Compared with deciles 4-9, values were lower for deciles 1, 2, and 3 and higher for decile 10 among both men and women (P < 0.05 for all comparisons). A similar positive association was seen between ALT and total fat mass index (kg/m 2 ) (data not shown). The association of low ALT with appendicular lean body mass was further evaluated in linear regression analyses. Mean appendicular lean mass index was lower in deciles 1, 2, and 3 compared with deciles 4-9 among men and women after adjustment for multiple factors (P < 0.001 for all comparisons; Figure 4 ). Adding total fat mass (kg) to multivariate models attenuated but did not eliminate the association of low ALT with lower lean body mass (P < 0.05 for all comparisons; Figure 4 ).
DISCUSSION
In this large national population-based prospective study, participants with ALT activity in the 3 lowest deciles had statistically significant 30%-50% higher all-cause mortality after adjustment for multiple factors. Mortality from cardiovascular disease, cancer, and all other causes was increased among persons in the lowest ALT decile. Participants in the highest ALT decile, compared with deciles 4-9, had non-statistically significantly increased all-cause mortality in multivariateadjusted analysis. Results varied little when the first 3 years of follow-up were excluded or when participants with viral hepatitis were included, except for higher all-cause mortality in the highest ALT decile with the inclusion of participants with viral hepatitis. A similar U-shaped relationship with mortality was found for AST but not for GGT. The linear relationship with GGT is consistent with the strong association of mortality with high GGT in studies that used the entire range of nonelevated values as the reference group (1, 6) .
Results have varied among the few studies that have evaluated the relationship between mortality and ALT within the normal range. Three studies that included the entire range of ALT values did not find a relationship with low ALT (2, 4, 33) . In one of these studies, all-cause mortality was increased even for ALT levels within the normal range as compared with an ALT level less than 20 IU/L (2). In contrast, higher all-cause mortality among persons with low ALT was found in 3 studies of older adults (34) (35) (36) . Two studies compared mortality based on ALT levels above and below the median value (34, 35) , and 1 study compared mortality for the lowest quartile of ALT relative to the higher 3 quartiles (36). Our study may have been the first to examine systematically the level at which an association between low ALT and mortality actually occurs.
The increased mortality that we found with lower ALT was confined to persons over age 40 years. Given that ALT activity decreases with age, this is a topic for further investigation. Interestingly, the strongest associations of low ALT activity with mortality were among those with higher ALT levels-for example, men, middle-aged persons, and Mexican Americans. It is possible that among subgroups with lower ALT levels, such as non-Hispanic blacks, the lowest deciles included both persons with physiologically normal low ALT levels and persons at higher risk of death. The reason for higher mortality among persons with low ALT remains unclear. Low ALT was associated with decreased body mass index (Table 1) , and in a recent meta-analysis, normal weight increased the risk of mortality relative to overweight (37) . However, the higher mortality that we found with low ALT remained even in analyses that adjusted for body mass index. In a Welsh study of older, community-dwelling men, increased mortality with lower ALT was explained by age and frailty (35) . No frailty index was available in NHANES III; however, it is unlikely to have explained the strong relationship of higher mortality with low ALT that we found among not only older adults but also middle-aged adults. It is possible that residual confounding was present as a result of incomplete adjustment for one or more variables. Possible confounding factors were measured only at baseline but may have varied over the course of the study, resulting in misclassification. Alternatively, an as-yet-unidentified characteristic may explain the higher mortality observed among persons with low ALT levels.
Although the majority of serum ALT activity is produced in the liver, a minority is derived from skeletal muscle. Therefore, low ALT could reflect sarcopenia with reduced release of ALT into the blood by muscle. Because sarcopenia has been associated with higher mortality (38, 39) , the increased mortality found with low ALT could result from smaller muscle mass. Muscle strength, rather than muscle mass, may be more strongly associated with mortality (40) . Impaired lowerextremity function, which is closely related to and has been proposed as a component of sarcopenia (19) , was measured in NHANES III among older participants. Although it was associated with low ALT, decreased lower-extremity function did not account for the relationship between low ALT and mortality. Body composition, including lean soft tissue Abbreviations: ALT, alanine aminotransferase; CI, confidence interval; HR, hazard ratio. a ALT cutpoints were 9, 11, 13, and 33 IU/L for men and 7, 8, 9, and 22 IU/L for women. Analyses stratified by sex used common ALT cutpoints for both men and women: 7, 9, 10, and 28 IU/L.
b Estimated using Cox proportional hazards regression analysis and adjusted for age, sex (except for models stratified by sex), race/ethnicity (except for models stratified by race/ethnicity), education, body mass index, waist:hip circumference ratio, glucose status (physician-diagnosed diabetes, hemoglobin A 1c concentration of ≥6.5%), serum total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, diastolic blood pressure, C-reactive protein, estimated glomerular filtration rate, transferrin saturation, cigarette smoking, alcohol drinking, caffeine intake, and physical activity. mass, was not measured in NHANES III. However, using DXA body composition data from another US national survey, we found that low ALT was associated with sarcopenia defined as decreased appendicular lean mass (19, 31, 32) . Although low ALT was also associated with decreased fat mass, the relationship with appendicular lean mass was independent of total fat mass. Thus, a possible explanation for increased mortality with low ALT may be the association with sarcopenia. Additional studies will be needed to determine whether body composition mediates the higher mortality found with low ALT levels.
A limitation of the current study is that a single serum ALT concentration was obtained at baseline in NHANES. ALT levels may have varied over the follow-up period, leading to misclassification. Among participants with repeat ALT measures, the majority of those who had initial values in the lowest 3 deciles also had repeat values within the same low range. In addition, as previously reported, there was a possible loss of ALT activity after the brief storage period and shipping that were used in NHANES III (6) . Degradation of ALT activity could have resulted in lower decile cutpoints but would not be expected to affect the relative position of participants within the ALT distribution or relationships of low ALT with mortality. Another limitation of the current study is the lack of validation of cause of death. Although ascertainment of vital status using the National Death Index is very high, assigning cause of death based on death certificate diagnoses is prone to misclassification. Thus, the associations with cause-specific mortality might not be as reliable as the results for all-cause mortality. Finally, despite up to 18 years of follow-up, the number of mortality outcomes was limited for diabetes and liver disease. These limitations are balanced by the benefits of a large national population-based sample, particularly the avoidance of the ascertainment bias that occurs in clinical studies of selected patients and the ability to generalize the results to the US population.
In conclusion, in the US population, a low ALT level was associated with higher mortality from all causes, as well as from cardiovascular disease, cancer, and all other causes. Relatively low appendicular lean mass may be a reason for the higher mortality. For studies of mortality and elevated ALT activity, whether due to fatty liver or to other etiologies, the most appropriate comparison group is persons in the middle range of ALT values rather than all persons with nonelevated ALT levels.
